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We demonstrate and analyze a strongly driven quantum pendulum in the angular motion of state-
selected and laser aligned OCS molecules. Raman-couplings during the rising edge of a 50-picosecond
laser pulse create a wave packet of pendular states, which propagates in the confining potential formed
by the polarizability interaction between the molecule and the laser field. This wave-packet dynamics
manifests itself as pronounced oscillations in the degree of alignment with a laser-intensity dependent
period.
PACS numbers: 37.10.-x, 37.20.+j
Pendular states, directional superpositions of field-free
rotational states, are created by the anisotropic interac-
tion between an isolated molecule and a strong electric
field [1–4]. In a classical sense, this corresponds to the free
rotation of the molecule changing into a restricted angu-
lar motion, where a molecular axis librates about the field
direction. In the case of a strong static electric field the
pendular states result from the interaction with the per-
manent dipole moment. This was exploited, for instance,
for the simplification of spectroscopic signatures of large
molecular clusters [5]. In the case of a nonresonant laser
field the pendular states are formed due to the interac-
tion with the molecular polarizability. This interaction
constitutes the basis for laser-induced alignment [3, 4],
the confinement of molecular axes to laboratory-fixed
axes defined by the polarization of the alignment field.
Notably, in the limit where the laser field is turned on
slowly compared to the inherent rotational period(s) of
the molecule, the initial field-free rotational states are
converted into the corresponding pendular states. This
process is called adiabatic alignment [4] and it has found
widespread use in molecular sciences [6–11]. The pen-
dular states persist for as long as the laser field is turned
on and the molecules return to their initial field-free rota-
tional states upon turn-off of the laser field, provided this
occurs slowly compared to the rotational period(s), τrot.
Pendular states were investigated through frequency-
resolved spectroscopy [12, 13] and by photodissociation
or Coulomb explosion imaging [4, 14]. The former ap-
proach probes the field-induced changes of the rotational
energy levels, thus the pendular state energies, while
the latter approach probes the way the molecules are
confined in space, i. e., the orientational character of the
pendular states. So far these studies were all performed
in the adiabatic limit where the classical signature of the
pendular states, i. e., the librational motion of a molecular
axis about the field direction, cannot be observed directly.
To observe this motion it would be necessary to create a
coherent superposition of pendular states.
Here, we demonstrate that such pendular motion can
be induced through the use of a laser pulse with a du-
ration τlaser ∼ τrot in between the common limits of adi-
abatic (τlaser  τrot) and impulsive (τlaser  τrot) align-
ment. The intermediate regime has, hitherto, only been
explored theoretically [15–17]. We performed a combined
experimental and theoretical study in this intermediate
pulse-duration regime on aligned carbonyl sulfide (OCS)
molecules in their absolute ground state. A wave packet
of pendular states was created by the rising edge of a 50-
picosecond laser pulse and its propagation was studied
during and after the laser pulse.
A schematic of the experimental setup is shown in Fig-
ure 1. In short, a pulsed molecular beam was provided
by expanding 500 ppm of OCS seeded in 6 bar of neon
through a cantilever piezo valve [18] at a repetition rate
of 250 Hz. After passing two skimmers the molecular
beam entered the electric deflector, where the molecules
were dispersed according to their quantum state [19] and
a pure sample of ground-state OCS was selected [20].
These molecules were aligned by a moderately intense
(around 1011 W/cm2) laser pulse inside a velocity map
imaging (VMI) spectrometer [21]. The angular confine-
ment was probed through strong-field multiple ioniza-
tion by a 30 fs laser pulse resulting in Coulomb explosion
of the molecule. The produced S+ ions were velocity
mapped onto a 40 mm diameter position sensitive detec-
tor consisting of a multi-channel-plate, a fast phosphor
screen, and a high frame-rate camera.
The alignment and ionization laser pulses were pro-
vided by an amplified femtosecond laser system at a rep-
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FIG. 1. Schematic of the experimental setup, including the axis
system and the definition of θ between the laboratory fixed Y
axis and the molecular axis z.
etition rate of 1 kHz and with a center wavelength of
800 nm and a spectral bandwidth of 72 nm [22]. Directly
behind the amplification stages the laser beam was split
into two parts, an alignment beam and a probe beam.
The alignment pulses can be compressed or stretched
(negatively chirped) with an external compressor contin-
uously to pulse durations ranging from 40 fs to 520 ps.
The probe pulses were compressed to 30 fs using the
standard grating based compression setup. Since both
beamswere generated by the same laser system theywere
inherently synchronized. Both beams were incident on
a 60 cm-focal-length lens, parallel to each other, with a
transverse distance of 10 mm. The foci were overlapped
in space and time in the molecular beam in the center of
the velocity-map-imaging spectrometer. The relative tim-
ing between the two pulses was adjusted by a motorized
linear translation stage.
In our theoretical description, we solved the time-
dependent Schrödinger equation [23] starting in the field-
free rotational ground state and using the experimental
temporal profile of the laser intensity. The angular part
of the interaction potential between the molecules and
the nonresonant laser field, −I(t)∆α cos2θ/(2c0), is pre-
sented in Figure 2 a for I = 6 · 1011 W/cm2; I is the laser
intensity, ∆α the polarizability anisotropy, and θ the an-
gle between the alignment laser polarization, Y, and the
axis of the molecule, z. Moreover, the energies of the pen-
dular states | J˜,M〉 in that potential are depicted. Here, the
| J˜,M〉 labels are used for the pendular states that correlate
adiabatically with the field free rotational states |J,M〉. To
rationalize the experimental observations, we computed
the degree of alignment 〈cos2θ2D〉 and the decomposi-
tion of the wave packet in terms of the adiabatic pendular
eigenstates. Our theoretical description includes the ve-
locity distribution of the ions after the Coulomb explosion
and a volume effect model which takes into account the
spatial intensity profiles of the alignment and the probe
laser pulses [24].
Figure 3 a shows the degree of alignment measured
as a function of the delay between the alignment and
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FIG. 2. a) Potential energy curve (black line) and energies of the
pendular states in the depicted energy range (grey and colored
lines) for I = 6 · 1011 W/cm2. The experimentally populated
adiabatic pendular states are shown in color and are labeled by
| J˜,M〉. b) The time-dependent weights of the projections of the
pendular wave packet, which started from the field-free ground
state, onto the pendular-state basis. The temporal laser profile
is indicated by the gray area.
probe laser pulses for an alignment pulse duration of
450 fs (impulsive alignment) and a peak intensity of
1.5 · 1013 W/cm2. These results fully agree with previous
experiments and the analysis of the prominent quarter-
period revival confirms that the molecules are prepared
in the absolute ground state J = 0 [20].
Figure 3 c shows the degree of alignment for a pulse
duration of 485 ps and a peak intensity of 2.2·1011 W/cm2.
The temporal laser profile is indicated by the shaded area.
The rise- and fall-times of the pulse are 100 ps and 150 ps,
respectively (10%–90%). The degree of alignment adia-
batically follows the temporal laser profile as expected
for pulses where all relevant time scales are larger than
the rotational period of the molecule.
Figure 3 b shows the time dependence of the degree
of alignment for a pulse duration of 50 ps (FWHM
in intensity) and intensities 4.5 · 1010 W/cm2 (blue),
7.5 · 1010 W/cm2 (green) and 6 · 1011 W/cm2 (red). The
10%–90% rise time of the laser pulse is 10 ps. It is fol-
lowed by a plateau where the laser intensity is approx-
imately constant. With τrot ≈ 82 ps this places the tem-
poral features of the pulse between adiabatic and im-
pulsive alignment. The rising edge of the laser pulse
creates a wave packet of pendular states through Raman-
coupling with selection rules ∆J = 0,±2 and ∆M = 0.
This wave packet propagates in the effective potential
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FIG. 3. Measured degree of alignment 〈cos2θ2D〉 as a function of
the delay between the alignment and probe laser pulses for an
alignment pulse duration of a) 450 fs, b) 50 ps and c) 485 ps. The
temporal profiles of the alignment laser pulses are indicated by
the gray areas.
for the molecules in the laser field, giving rise to an os-
cillatory modulation of the degree of alignment. These
oscillations are attributed to the bouncing back and forth
of the wave packet in the potential. Amovie depicting the
wave-packet dynamics is provided in the supplementary
information. They resemble the librational motion of a
classical pendulum.
The oscillation frequency increases with increasing
peak intensity of the alignment laser, indicating the ad-
mixing of higher-angular-momentum states. Simultane-
ously, the amplitude of the oscillation decreases, depict-
ing the stronger angular confinement of the molecules
deeper in the potential and, therefore, a smaller change
in the degree of alignment. The oscillations are very pro-
nounced at the beginning of the laser pulse, but their am-
plitude decreases toward the end of the pulse. Initially,
the phase of oscillation is defined by the rising edge, i. e., it
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FIG. 4. 〈cos2θ2D〉 as a function of the delay between the align-
ment and the probe laser pulses and the peak intensity of the
alignment laser pulse. The alignment pulse duration is 50 ps.
a) Experimental, b) theoretical results.
is nearly the same for all molecules. The decrease during
the laser pulse is mainly attributed to the volume effect,
i. e., different molecules experiencing different laser in-
tensities [24]. Additional contributions to the decrease
of contrast in the amplitude of the oscillations are due
to the not completely flat temporal laser-intensity profile
and the anharmonic-oscillator potential, Figure 2 a.
The calculated decomposition of the wave packet in
terms of its pendular-state basis for the 50 ps pulse of
intensity 6 · 1011 W/cm2, shown in Figure 3 b, is given in
Figure 2 b. The coefficients show rapid changes at the two
edges of the pulse, whereas they keep an approximately
constant value in the plateau region. Here, only |0˜, 0〉,
|2˜, 0〉, and |4˜, 0〉 contribute significantly to the dynamics.
The oscillations in the degree of alignment are due to
the temporal evolution of the phase of these pendular
states. Figure 2 a illustrates that during the pulse all con-
tributing states are bound in the potential well. For the
4.5 ·1010 W/cm2 and 7.5 ·1010 W/cm2 pulses the pendular
ground state has by far the largest contribution (& 0.89)
to the wave packet. Thus, the oscillations in 〈cos2θ2D〉 are
due to the coherence between |0˜, 0〉 and |2˜, 0〉, with the lat-
ter being unbound for these intensities. These two-state
interferences are reflected by the cosine-like oscillations
of the degree of alignment.
To obtain further insight into the alignment dynamics
in the intermediate regime the degree of alignment is
4recorded for a range of alignment pulse peak intensities
as a function of time. The alignment pulse duration is
50 ps as in Figure 3 b. A 2D representation of the experi-
mental results is shown in Figure 4 a. The corresponding
theoretical calculations are shown in Figure 4 b. The os-
cillatory behavior of the degree of alignment during the
laser pulse (between 10 ps and 50 ps) is again strongly
visible. The frequencies of the oscillations are small in the
low intensity regime (vide supra). As the laser intensity is
increased more and more oscillations are observed.
Figure 4 also shows a complex behavior of the de-
gree of alignment as soon as the laser is switched off,
with a strong dependence on the intensity of the laser
pulse. At low laser intensities we observed a revival
structure corresponding to a single-cosine dependence
due to the beating of |0, 0〉 and |2, 0〉. Moreover, for an
intensity of 7.5 · 1010 W/cm2, we find that the revival
structure is strongly suppressed and only a weak revival
structure is observed; this is also visible in the green
trace in Figure 3 b. For these conditions, the field-free
state after the laser pulse closely resembled the initial
field-free state [15]. The phase between wave packet
components is modified by the falling edge of the laser
pulse in such a way that the revival structure is coher-
ently switched off. This effect repeats itself for increas-
ing laser intensities. These quantum interferences are
similar to those previously observed with two appropri-
ately delayed laser pulses [25], but now it is achieved
with a single pulse of appropriate duration and intensity.
The computational results in Figure 4 b are in excellent
agreement with the experimental results in Figure 4 a.
For Imax ≈ 6 · 1010 W/cm2 these computations predict no
alignment once the pulse is off with small oscillations
around the mean value of 〈cos2θ2D〉 ≈ 0.50. The incom-
plete suppression of the experimental alignment struc-
ture is attributed to the volume effect and, thus, the si-
multaneous observation of dynamics for different field-
strengths.
In conclusion, we studied the time dependent align-
ment behavior of state-selected OCS molecules in their
absolute ground state for a pulse duration in the inter-
mediate regime, between impulsive and adiabatic align-
ment. We observed strong oscillations in the degree of
alignment during the laser pulse. These oscillations are
attributed to the propagation of a wave packet in the po-
tential of the molecule in the alignment laser field. The
observed motion is the quantum analogue of an oscil-
lating pendulum. Our results show the opportunity to
initiate and to stop wave packet motion within a short
period and by a single laser pulse. It provides an effective
coherent control scheme of molecular motion.
The wave packet dynamics inside the effective poten-
tial has implications on the performance of experiments
with laser aligned molecules such as the investigation of
molecular-frame photoelectron angular distributions [9],
the detection of structural changes via X-ray and electron
diffraction [6, 11, 26, 27] and photoelectron holography
from within [10], because typically a strong degree of
alignment is required for these experiments. Reducing
the jitter of the relative timing and applying the appropri-
ate delay of the alignment and probe laser allows for the
strongest degree of alignment to be achieved, since the
molecules can be probed at one of the maxima of 〈cos2θ〉
of the pendular state dynamics. This holds especially for
large molecules with rotational periods on the order of
a few nanoseconds (ns), where non adiabatic effects will
start to play a role even with ns laser pulses that are often
employed to strongly fix molecules in space.
The observed pendular motion has implications on the
performance of ultrafast molecular switches based on
internal-rotation dynamics [28, 29]. The torsional motion
of non-rigid quantum objects [7, 30] or surface adsorbed
molecules [28, 31, 32] is governed by a 2pi-periodic poten-
tial about the torsional or dihedral angle [33]. Variations
in the relative alignment of the two moieties will lead
to variations in, e. g., the current through a molecular
switch [30, 34]. Inducing a wave packet of the internal
rotation to coherently switch the system and terminating
the motion in the desired position by the end of the laser
pulse [35–37] would work even when the surrounding
media is not dissipative.
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